ABSTRACT With the development of wireless communication technology, the need for bandwidth is increasing continuously, and the growing need makes wireless spectrum resources more and more scarce. Cognitive radio (CR) has been identified as a promising solution for the spectrum scarcity, and its core idea is the dynamic spectrum access. It can dynamically utilize the idle spectrum without affecting the rights of primary users, so that multiple services or users can share a part of the spectrum, thus achieving the goal of avoiding the high cost of spectrum resetting and improving the utilization of spectrum resources. In order to meet the critical requirements of the fifth generation (5G) mobile network, especially the Wider-Coverage, Massive-Capacity, Massive-Connectivity, and Low-Latency four application scenarios, the spectrum range used in 5G will be further expanded into the full spectrum era, possibly from 1 GHz to 100 GHz. In this paper, we conduct a comprehensive survey of CR technology and focus on the current significant research progress in the full spectrum sharing towards the four scenarios. In addition, the key enabling technologies that may be closely related to the study of 5G in the near future are presented in terms of full-duplex spectrum sensing, spectrum-database based spectrum sensing, auction based spectrum allocation, carrier aggregation based spectrum access. Subsequently, other issues that play a positive role for the development research and practical application of CR, such as common control channel, energy harvesting, non-orthogonal multiple access, and CR based aeronautical communication are discussed. The comprehensive overview provided by this survey is expected to help researchers develop CR technology in the field of 5G further.
I. INTRODUCTION
From the birth of the first generation (1G) mobile communication system, people's work, life style and the development trends of various industries have been profoundly affected. In order to cope with the explosive growth of mobile data traffic, massive device connection and continuous emergence of new business and application scenarios more effectively in the future, the fifth generation (5G) mobile communication system comes into being. Mobile Internet and Internet of Things (IoT) will be the major driving force for 5G development. In the future, 5G will not only meet the diverse needs of people in various regions such as residence, work, leisure, and transportation, but also will permeate the IoT and meet the various professional domains such as industry, medical, transportation and other industries to realize the true interconnectedness of all things [1] .
With the rapid development of broadband wireless access and mobile terminal technology, people are eager to obtain information and services from the Internet at anytime, anywhere and even in the process of moving, and the mobile Internet has been developed rapidly in such a background [2] . It is mainly oriented to human-centered communication, focusing on providing the better user experience. In the future, the demand for communication experience will be more and more higher in various applications, such as remote areas, crowded stadium, and high-speed rail.
As the most up and coming technology, the IoT is increasingly receiving more and more attention from the academic and industrial circles [3] , [4] , and is considered one of the most important technologies that leads to an evolution of the network in the future [5] , [6] . MIT professor Kevin Ashton and his colleagues first proposed the concept of IoT network congestion and unbalanced resource allocation. Consequently, the static spectrum allocation mechanism can no longer satisfy the growing demand for spectrum resources from various devices. If we do not attach great importance to these problems, the spectrum scarcity will become an insurmountable bottleneck in the development of 5G in the future.
• Dynamic spectrum usage: With the rapid growth of IoT users and terminals, the infrastructure and network framework are facing great challenges. In addition, the hardware and software of the device perform the data receiving, storing and forwarding tasks in the existing TCP/IP protocol [15] . The bigger of the amount of data, the harder in control and use will be. Therefore, using the existing Internet to carry on the IoT data transmission, it cannot adapt to the network dynamics and the complexity of the protocol and bring some difficulties to manage the large scale of IoT devices.
• Higher energy efficiency: As the continuous development of IoT, it will be a huge network that connects almost every aspect of our lives. Generally, IoT devices are powered by batteries, and the installation, maintenance, and replacement of the battery are not only difficult but also often costly [16] . Furthermore, in some industrial equipments, these devices are often placed in the areas that are difficult to access or inaccessible. Consequently, energy efficiency is critical facing such special applications. Aiming at the characteristic of IoT devices, the optimal energy management algorithm should be designed to realize the long-running and normal operation of devices. The emergence of CR technology has been regarded as an efficient approach to cope up with the spectrum shortage and low utilization problems by dynamically re-use the frequency bands assigned to the licensed users [17] , and seems to be the perfect answer to address the challenges and requirements that the 5G system will face [18] . The themes of CR have been given a lot of attention from the research community. Various aspects of several traditional sensing methods and cooperative sensing methods are outlined in [19] , under the premise of giving multi-dimensional radio spectrum space and transmission opportunities. In order to satisfy the needs of cognitive users to detect spectrum opportunities reliably in a wide frequency range in the future, [20] summarized various wideband spectrum sensing algorithms and discusses the advantages and disadvantages of each algorithm and their challenging problems. [21] provided a survey of the state-of-the-art resource allocation algorithms for Underlay cognitive radio networks (CRNs) from the aspects of adopted approaches, criteria, techniques, and network architectures. On the basis of performance optimization criteria, [22] provided an overview of the recent advances in radio resource allocation in CRNs, and summarized these allocation schemes on the basis of performance optimization criteria including energy efficiency, throughput maximization, QoS assurance, interference avoidance, fairness and priority consideration, and hand-off reduction. Reference [23] presented an up-to-date survey of spectrum decision in CRNs based on spectrum characterization, spectrum selection, and CR reconfiguration. In [24] , the Overlay spectrum access schemes in the cooperative CRNs, as well as in the non-cooperative and cooperative game model of the Overlaybased CRNs were reviewed. Reference [25] studied the concept of dynamic spectrum sharing, and investigated various existing spectrum sharing scenarios with different network topologies, features, challenges, and probable use cases. The summary of existing survey works on CR is shown in Table 2 .
In this paper, our focus is to provide a comprehensive survey on full spectrum sharing in CR networks towards 5G. In spite of the extensive literature on CR, there are few papers to discuss the available spectrum exploration issues toward 5G, while several studies separate overview the spectrum sensing [20] and spectrum access [26] in CR networks. Reference [27] provided a comprehensive survey of CR, full-duplex communication and Long Term Evolution on unlicensed spectrum, as well as the multiple spectrum sharing techniques and identify potential challenges in 5G. Reference [28] outlined the spectrum sharing mechanism for the next generation cellular networks to overcome the energy crisis, and the spectrum sharing between satellite telecommunication networks and terrestrial has been surveyed in [29] , which focuses on the investigation of the feasibility of spectrum sharing between geostationary orbit and non-geostationary orbit satellite systems. Compared with previous survey papers, our survey presents a comprehensive overview of full spectrum sharing in CR networks including the new spectrum utilization, spectrum sensing, spectrum allocation, spectrum access & spectrum handoff, and other research issues. The contributions of this paper are summarized as follows:
• We outline the spectrum resources that can be utilized by CR in 5G, as well as the recent focus on the new spectrum exploration.
• We present a comprehensive taxonomy of spectrum sharing in CR networks from the perspective of WiderCoverage, Massive-Capacity, Massive-Connectivity, and Low-Latency four application scenarios. Particularly, the key enabling technologies that may be closely related to the study of 5G in the near future are summarized in terms of full-duplex spectrum sensing, spectrum-database based spectrum sensing, auction based spectrum allocation, carrier aggregation based spectrum access.
• We outline issues associated with the implementation of CR, such as common control channel, and provide an in-depth overview of the non-orthogonal multiple access and energy harvesting technologies from the perspective of improving spectrum efficiency and energy efficiency in CRNs. The organization of this paper is shown in Figure 3 . Section II elaborates on the background and motivation. In Section III, we present the recent advances and on-going research directions in spectrum sensing relevant to 5G. Section IV describes the new advancements in spectrum allocation, and Section V discusses the spectrum access & spectrum handoff in full spectrum sharing. Section VI elaborates other research issues in full spectrum sharing including common control channel, energy efficiency, non-orthogonal multiple access, and aeronautical communication. Finally, we conclude our work in Section VII. For convenience, the list of abbreviations used in this paper are summarized in Table 3 . 
II. BACKGROUND & MOTIVATION A. COGNITIVE RADIO NETWORKS
The radio spectrum management departments in different countries have something in common on the management of radio frequency spectrum resources, where the spectrum allocation method adopts the ''fixed allocation'' principle [30] , in which spectrum is divided into several parts, where each part is assigned to different users while other users have no right to use it. The corresponding spectrum and user are called the licensed band and licensed user, respectively. However, with the rapidly and widely development of wireless communication technology, as a non-renewable resource, the spectrum resource has become extremely valuable [1] . Furthermore, a survey of the spectrum usage from Federal Communications Commission (FCC) [31] showed that a large number of spectrum resources have different degrees of idleness in time and space dimension because of the fixed allocation policy, even in some crowded bands, while only a small portion of the spectrum is used frequently. In order to improve the utilization of licensed spectrum as much as possible, various multiplexing technologies such as Frequency Division Multiple Access (FDMA), Time Division Multiple Access (TDMA), Code Division Multiple Access (CDMA), and Multiple-Input Multiple-Output (MIMO) techniques are used to support more users on the limited spectrum resources [32] , but they cannot fundamentally solve the problem of spectrum resources scarcity caused by fixed allocation policy.
In 1999, the concept of CR was first proposed by Dr. Mitola [33] , and then Haykin defined the CR from the communication point of view [34] , pointing out that it is an intelligent wireless communication system, and can automatically sense the usage of the surrounding spectrum and use the idle spectrum without affecting licensed users' normal communication. Generally speaking, the licensed users referred to as primary users (PUs) and the unlicensed users known as secondary users (SUs) or cognitive users. According to the definition of CR, as we have seen SU not only should have the ability of spectrum sensing to detect whether there existed available idle spectrum, and exit the spectrum immediately when the PU accesses again, but also should have the ability of reconfiguration to adjust the software and hardware parameters and working parameters, according to the spectrum sensing results.
B. FULL SPECTRUM ERA
The spectrum resources used in CR mainly include two categories, one is unlicensed bands, they don't belong to a particular user, and the use of such spectrum resources does not require licensed, furthermore SUs have the same priority of spectrum usage. The other is idle licensed bands, also known as ''spectrum holes''. The use of such spectrum resources is limited by the activities of PUs. Since PUs have the highest priority of spectrum usage, SUs are required to ensure that they do not interfere with the communication of PUs. Currently, the available spectrum resources are concentrated below 6GHz. The spectrum resources in this part have been basically allocated, especially the frequency bands below 3GHz. Compared with the licensed bands, the unlicensed bands are much less, and there are the ISM band and 5GHz WLAN band. For the ISM band, which is open to three major institutions of industry, science, and medicine, it can be used without license, as long as each user follows a certain transmit power and does not interfere with other frequency bands. WLAN, Bluetooth, ZigBee and other wireless communication technologies can work on this band. For the sake of solving the problem of fewer channels, more signals and serious interference in ISM band, the 5GHz band was officially identified for WLAN at the WRC-03 conference [35] .
5G will face higher data transfer rates, richer business requirements, more rigorous user experience, and highly heterogeneous network architectures compared with 4G, consequently, the spectrum supply and demand contradictions will become increasingly prominent in the future. However, the frequency bands below 6GHz are already very crowded, and it is difficult to find abundant spectrum to meet the increasing spectrum demand. Comparatively speaking, the business division and usage of the spectrum above 6GHz are relatively simple, and it can provide continuous large bandwidth band. Therefore, in order to extend the capacity of the system and support the transmission of the higher data rate, the spectrum range used in 5G will be further expanded into the full spectrum era, possibly from 1GHz to 100GHz, as shown in Figure 4 . The full spectrum involves low frequency bands below 6GHz and high bands over 6GHz, in which the low frequency bands are the core band in 5G, and the high-frequency bands are mainly used for local compensation due to the limitation of propagation characteristics.
According to the research, most licensed spectrum resources have not been fully utilized. Therefore, it is the heart of current research to solve the problem of spectrum resource scarcity through spectrum reallocation.
1) TV WHITE SPACES
The UHF band used in broadcasting and television is located in the same frequency band as the mobile communication system and has good propagation characteristics. However, with the digitization of analogue TV, the idle rate of frequency bands allocated to analogue broadcast TV is getting higher. Research in [36] showed that the current UHF band is very inefficient, and its average utilization rate is 4.54% in Singapore and 17.4% in Chicago. In order to make more effective use of the increasingly intense spectrum resources, the idle frequency bands used for analogue broadcast television (called ''TV White Spaces'') are allocated to mobile communications at the WRC-07 conference. The United States is actively promoting super WiFi [37] , which is not the true sense of the WiFi, but refers to the TV White Spaces that is utilized to carry out data transmission. It is especially important to achieve high-speed Internet access in rural areas and geographical blind region where the wireless network is unavailable while the television signal is available.
2) 60GHz MILLIMETER WAVE
With the rapid development of IoT, short distance wireless communication among terminals is more frequent, and some new businesses and demands continue to emerge, such as uncompressed high definite and high quality video streaming, interactive games, massive download and ultra fast wireless data transmission, and these applications require data transfer rates up to Gbps. Traditional short distance wireless communication spectrum (such as 2.4GHz, 5GHz band) has been fully occupied by 802.11, Bluetooth, microwave and other applications. Due to the scarcity of low frequency wireless resources, the data rate is limited to further upgrade, even if the extremely high complexity communication technology are used to obtain a higher spectrum utilization.
With the continuous development of semiconductor technology such as CMOS. Many countries, including the United States and Europe, have divided 60GHz band into 5GHz ∼ 7GHz unlicensed continuous spectrum resources for general use [38] . The 60GHz has been widely studied in the academic and industrial fields due to its characteristics of large bandwidth, high transmission rate, high security and anti-interference [39] - [42] . The higher frequency of electromagnetic waves, the less the wavelength, furthermore, the diffraction ability of electromagnetic wave in the process of space transmission is even weaker. The results showed that the transmission distance of 60GHz millimeter wave is only 1m ∼ 10m due to the serious loss of the path [39] , [40] . However, the unlicensed continuous large bandwidth is about seven times as much as the sum of other low frequency bands. Consequently, the 60GHz band has a great advantage in the high-speed indoor short distance communication. The IEEE 802.11ad defines a novel MAC architecture that 60GHz can be compatible with WiFi [41] . Since the 60GHz wireless signal direction is very strong, the interference among 60GHz communication signals in different directions are very small, which is beneficial to the space division multiplexing. In [42] , the technology of beamforming antenna gain has been used to realize 60GHz high directional communication.
C. FULL SPECTRUM SHARING TOWARD 5G
CR technology makes it possible to reuse valuable spectrum resources without changing the existing spectrum allocation policy, thus addressing the problem of low utilization rate. The core idea of CR is to realize spectrum sharing through dynamic spectrum access, and the implication of spectrum sharing is that SUs can use the idle spectrum of PUs, but only if they cannot interfere with the communication of PUs. Typically, spectrum sharing includes four steps, as shown in Figure 5 .
1) Spectrum sensing
Spectrum sensing is the first step of spectrum sharing, which is the fundamental to ensure PUs from interference, to complete spectrum sharing, to improve spectrum utilization, and to realize various CR applications. SUs continuously detect the frequency bands that are being used by PUs in multi-dimensional space (such as time domain, spatial domain, frequency domain, etc.). Spectrum sensing is utilized to detect whether a PU VOLUME 6, 2018 appears and to determine if the spectrum hole is available. Therefore, the accurate perception of spectrum holes is the first step in spectrum sharing.
2) Spectrum allocation
Spectrum allocation is based on the availability of spectrum holes and distributes the spectrum to SUs. Since the number of spectrum holes is not fixed, SUs need to use them through competition while the QoS of SUs are different. Therefore, the spectrum holes have to be used fairly and efficiently. The key of spectrum allocation is to design efficient spectrum allocation algorithms and rules, which can improve the efficiency of spectrum utilization in the case of conflict minimization or conflict-free, preferably as close to the optimal target as possible.
3) Spectrum access
PU has the priority access rights of the frequency band, while the SU as subordinate relationship access it. Therefore, spectrum access requires an efficient access algorithm to coordinate multiple SUs access spectrum holes, avoiding conflicts between PUs and SUs. 4) Spectrum handoff SU must switch to the appropriate spectrum when one of the following three situations occurs. First of all, when the SU using a current spectrum hole, the appearance of PU will cause collisions between them, thus SU must quit this frequency band, and then switch to the other spectrum holes for communication. Secondly, when the geographical location of the SUs changes, while the PU's geographical location does not change, the optional spectrum holes for the SUs will be different, and they need to switch to the appropriate frequency band. Finally, when the frequency bands used by SUs cannot meet their communication requirements, they must switch to other frequency band that can meet their communication needs.
Relatively speaking, the spectrum resources over 6GHz are more abundant, and the service division is relatively simple and can provide continuous large bandwidth spectrum. Therefore, the utilization of new spectrum resources over 6GHz has become the focus of current research. In order to meet the higher 5G spectrum requirements, it will be effective to utilize all kinds of spectrum resources, including low and high frequency bands, licensed and unlicensed frequency bands, and continuous and discontinuous frequency bands. Compared with the existing limited spectrum sharing, this is a kind of full spectrum sharing. Different frequency bands and multiple application scenarios pose some challenges to the implementation of full spectrum sharing such as the spectrum hole in the high frequency channel may not be accurately detected by using the conventional spectrum sensing algorithms, how to allocate low/high and continuous/discontinuous frequency bands for SUs to meet their needs, and energy consumption needs to be considered while maximizing spectrum efficiency. Next, we will make a comprehensive survey of several key technologies for implementing full spectrum sharing aiming at different application scenarios.
III. SPECTRUM SENSING
CR technology provides the possibility to improve the spectrum utilization as much as possible under the current spectrum resource allocation policy. SUs cannot only sense the spectrum environment around and access spectrum hole in the opportunity way, but also need to sense the presence of PUs constantly during they occupying the licensed spectrum and to terminate communications immediately when the PU reaccesses due to their priority are lower than the PUs. Hence, spectrum sensing is the key technology in CR and foundation of spectrum sharing. In this section, we first present the classical spectrum sensing approach, and then investigate the latest spectrum sensing algorithms for the multiple application scenarios in 5G. The summary of existing survey works on spectrum sensing approach is shown in Table 4 .
A. NON-COOPERATIVE SPECTRUM SENSING
As illustrated in Figure 6 , the purpose of spectrum sensing is to find the spectrum holes. In general, the spectrum being used (which is called ''busy spectrum'') contains the user signal and noise, so it has high power, while the spectrum hole has low power because it only contains noise. Consequently, spectrum sensing algorithms needs to be able to accurately determine which is the spectrum hole first. The spectrum sensing problem can be expressed as a two element hypothesis detection model [19] :
where n (t) is an Additive White Gaussian Noise (AWGN ), and s (t) is the signal of PU in target channel. H 0 and H 1 are the two hypotheses of non-existence or existence of s (t).
The first proposed spectrum sensing algorithms are based on the user's transmitter, like energy detection, matched filtering detection, and cyclostationary detection approaches [19] , [43] - [45] . This kind of algorithm has the advantages of high technology maturity, low design difficulty, and easy realization. Thereinto, energy detection algorithm is the most simple and widely used in the spectrum sensing algorithms [43] , [44] since it does not require the prior information of the PU. The performance of the matched filtering detection algorithm is well, but it is closely related to the prior knowledge of the signal [19] . Cyclostationary detection algorithm [45] can detect the activity of PU based on the theory that signal statistical parameters (such as carrier frequency, power frequency hopping (FH) sequences, and cyclic prefix (CP)) have a certain periodicity to distinguish between signal and noise. It has a high recognition rate, but its computational complexity is prohibitive.
B. FULL-DUPLEX SPECTRUM SENSING
Most existing SUs deploy half-duplex (HD) mode to receive and transmit signals as shown in Figure 7 , in which SUs sense the spectrum before transmission. It will not only sacrifice transmission time for spectrum sensing, but also lead to a collision when PUs arrive and spectrum waste when PUs leave owing to SUs cannot detect the change of PUs' status (active or inactive) during data transmission. If the PU re-accesses the channel again during the time of SU transmission, it can cause conflicts between them, and if the PU is in active state during the sensing period while is in inactive state during the transmission period, SU will not be able to detect the activity of PU in time, thus resulting VOLUME 6, 2018 FIGURE 7. The sensing frame structure between half-duplex (HD) mode and full-duplex (FD) mode.
in the waste of spectrum resources. Furthermore, in order to offer higher data transmission rate for users to meet the network extremely high flow density requirements in the Massive-Capacity application scenario, SUs need to detect the available spectrum holes quickly and accurately. Consequently, it is hoped that the SUs can use the spectrum holes uninterruptedly and meanwhile sense spectrum continuously, i.e., the full-duplex (FD) mode. As can be seen from Figure 7 , SU can simultaneously perform spectrum sensing and data transmission by using the full duplex spectrum sensing algorithm, which can not only reduce the probability of collision with PUs, but also improve the efficiency of spectrum usage.
One of the bottlenecks to realize the FD communication is how to cancel the self interference of transceiver [46] . That is, when the transmitter sends a signal, some energy can be received by the receiver itself, therefore, there will be interference when the signal is transmitted and received at the same time. Reference [46] realized a FD wireless communication system through three antennas, simulation, and digital elimination techniques, in which two antennas used for signal transmitting, and one antenna used for receiving. The realization of the zero interference of receiving antenna is based on the theory that when the distance between the two transmitting antennas and the receiving antenna is an odd number of half wavelength, the phase of the two transmit signals is opposite. Reference [47] proposed a FD system using two antennas and Balun cancellation technique, and it can also be used for wideband interference cancellation. In the same year, the OFDM FD communication system with two antennas was achieved [48] .
With the recent development of the FD technology, several studies derived the ''listen-and-talk'' (LAT) protocol [49] - [51] , in which SUs can sense the spectrum and transmit data at the same time and the same frequency. Reference [51] also designed an adaptively sensing threshold for energy detection, in which the SUs can achieve higher throughput. For a FD-CR network, optimal detection thresholds for single-user and cooperative spectrum sensing were derived through the brute-force search (BFS) and particle swarm optimisation (PSO) method [52] . Reference [53] considered the low signal to noise ratio (SNR) situation and designed a power function based weighting scheme for energy detection to improve the sensing performance. Furthermore, [54] proposed a joint mode/rate adaptation strategies for WiFi/LTE-U (i.e. extend the LTE-A services to the unlicensed spectrum) coexistence, where a FD enabled WiFi station can transmit and receive data simultaneously to improve the throughput, or transmit and sense simultaneously to monitor the LTE-U activity.
C. SPECTRUM-DATABASE BASED SPECTRUM SENSING
Continuous wider area coverage will be the inevitable trend to meet the needs of users in the future, which need to ensure the mobility of users and provide seamless high-speed service experience. Although many research works have concentrated on the development of effective spectrum sensing approach, the sensing overhead is large and the performance is limited in some existing sensing algorithms. Moreover, in order to protect the communication of PUs, the complexity of sensing algorithm will be obviously increased and the transmission power will be restricted. Recent years, the spectrum-database based spectrum sensing algorithm was proposed by some spectrum regulators such as FCC and Ofcom, which is suitable for the Wider-Coverage application scenario well. The spectrum database is utilized to store the historical spectrum information and to generate a new available spectrum table based on the current spectrum state information [55] . Figure 8 shows the spectrum-database based spectrum sensing model. Each SU uploads the spectrum sensing result (including the false alarm and missing detection probability, the sensing period, the sensing time, and the PUs' exit time, etc.) to Base Station (BS), and then the sensing result will be compared with historical information in spectrum database to find all available spectrum holes. Finally, BS controls SUs' sensing and access operation according to the available spectrum list. A spectrum sensing scheme with geolocation database is proposed to improve the sensing accurate [56] . Since the spectrum database makes not all SUs need to detect spectrum continuously, it will not only reduce the risk of interference to PUs, but also decrease the energy consumption [57] .
Based on the spectrum database, a framework for determining the topology of vehicular network is presented in [58] , including the spectrum data, multiple BSs and moving vehicles in different traffic conditions. The spectrum database minimizes the cost of analyzing the vehicular environmental parameters such as vehicular density and BS road coverage effectively, and reduces the resulting error in spectrum sensing. A mobile crowd sensing-driven geolocation spectrum database for device-to-device (D2D) communication used the TV white space is built in [59] , in which mobile devices detect lots of spectrum usage information, and then the cellular base station performs data mining algorithms to bulid the geolocation database. Reference [60] employed an iteratively developed history processing database to make decisions for SUs' spectrum sensing, and they import the energy detection and cyclostationary feature detection results into spectrum database to improve the energy efficiency and reduce spectrum scanning.
D. COOPERATIVE SPECTRUM SENSING
For the Low-Latency application scenario, such as vehicle networking and industrial wireless networks with extremely high requirements for time delay and reliability, it is necessary to provide millisecond end-to-end delay and nearly 100% service reliability guarantee for users. Owing to the shadow and deep fading, the sensing result by single-user is not reliable. Subsequently, the cooperative sensing algorithms [61] are proposed, which combine the sensing results of multiple users to improve the detection reliability. Reference [62] proposed the ''AND'', ''OR'' and ''K rank'' fusion algorithms, in which the participate nodes send their decision results to the fusion center (also known as the ''center node''), and the fusion center will use fusion algorithms to make the final decision. Such approach that the fusion center only handles the detected results is called hard fusion algorithm [63] . Its implementation is relatively simple and cost is low. On the contrary, in the soft fusion algorithm, the participate nodes transmit the detected data or other useful information to the fusion node directly. The Fusion Center handles a large amount of unprocessed information, which makes the performance and accuracy of the soft fusion algorithm better than that of the hard fusion approach while it requires more bandwidth consumption. Most proposed cooperative spectrum sensing techniques use omni-directional antennas, while SUs can't determine the exact location of the sensed PUs. Reference [64] used a directional antenna for spectrum sensing to detect the PUs location more accurately and without harmful interference. Fusion center collects the sensing results including sensing period, sensing power and sensing beams from each SU, and calculates the optimized sensing parameters to maximize the sensing accuracy.
A reliability based cooperative decision fusion scheme is proposed in [65] , where the reliability of the sensing decision obtained from each SU will be estimated first by comparing with the past information about local and global decisions and then the weighting of each SU's decision will reflect this difference in reliability. Reference [66] presented an integrates quickest detection and belief propagation framework for cooperative spectrum sensing to achieve a better detection performance in terms of delay and false alarm rate. Under practical and imperfect common control channel, [67] proposed a reputation based cooperative spectrum sensing approach, which is validated to be robust against attacks. For the industrial wireless networks (IWNs) which require the high real-time and reliability constraints, [68] proposed a subcarrier modulation based cooperative spectrum sensing algorithm to reduce the reporting delay, and improve the sensing algorithm accuracy and sensitivity by using a two-level decision fusion method. Reference [69] presented a belief function (BF) theory based reliability-probability decision fusion rule for cooperative sensing to improve the interference detection performance in the prerequisite of uploading data as little as possible. In vehicular communication, high mobility could reduce the performance of the spectrum sensing. To solve this problem, [70] proposed a cooperative centralized and distributed spectrum sensing algorithm based on the renewal theory. By employing the renewal theory in decision fusion center, the probability of detection of the primary channel is increased and the average waiting time for SU is decreased apparently.
The performance of cooperative spectrum sensing will be severely degraded because of the presence of malicious interferences in CRNs. In [71] , the malicious interferences were suppressed by estimating the local signal to interference plus noise power ratios (SINRs) at SUs and transmitting them to a fusion center for making decision. Moreover, different SUs may have different interference plus noise owing to the presence of malicious users. Consequently, SUs are executed normalization separately to enhance the performance of the algorithm. In [72] , a cooperative multiband spectrum sensing approach was proposed for the CRNs with the presence of malicious users. To maximize the aggregate achievable throughput and detection accuracy, the main parameters in cooperative spectrum sensing are set in an optimal manner in the scenarios where only one channel is sensed and multiple channels are sensed jointly and simultaneously, respectively. To tackle the security threats from internal attacks launched by internal nodes, [73] presented a transferring reputation mechanism and dynamic game model based secure collaborative spectrum sensing strategy. This strategy can resolve the reputation loss problem caused by user mobility, incentive the SUs to provide honest information, and help SUs to sense the spectrum state and make spectrum decision. Reference [74] proposed a blind reputation based algorithm for cooperative spectrum sensing in the presence of malicious users, where SUs are dynamically categorized into three states (reliable, pending, and discarded, respectively). According to SUs' reputation, the number of malicious users is minimized by optimizing settings for the four decision thresholds. Reference [75] provided trajectory privacy for vehicular network VOLUME 6, 2018 by utilizing an efficient pseudonym change strategy with multiple mix zones scheme, and presented a cheating mechanism to protect vehicles against linkability attack.
E. COMPRESSIVE SPECTRUM SENSING
With the development of smart city, smart agriculture, smart medical and other IoT applications targeting sensing and data collection, this kind of Massive-Connectivity application scenario which requires a wide range of terminals, large quantity, small data packet, low power consumption and mass connection has put forward higher requirements for the speed and power dissipation of spectrum sensing. Most existing spectrum sensing techniques only focus on the single channel and narrowband signal detection. However, with the mushroom of innovative services, traditional narrowband spectrum sensing can no longer meet the fast growing spectrum requirements. Subsequently, the wideband spectrum sensing is coming out [76] .
The high sampling rate and the large amount of sampled data bring great challenges to the existing analog to digital converters (ADC), processors and storage devices in terms of the wideband spectrum sensing. Based on the compressed sensing theory, compressive spectrum sensing algorithm was presented in [20] , [76] , and [77] , which can extract and detect the wideband signal directly to achieve efficient wideband sensing with a much lower sampling rate than the Nyquist criterion. In [77] and [78] , an adaptively regularized iterative reweighted least squares (AR-IRLS) algorithm for realtime signal and a distributed compressive spectrum sensing approach in cooperative multihop cognitive networks were presented, in which compressive sampling is used to reduce the sampling rate requirements, and then the sparse common spectrum is recovered jointly by cooperative SUs. Simulations show that the compressive spectrum sensing can achieve high detection probability and low false alarm for wideband spectrum sensing. Reference [79] proposed a fast frequency locating algorithm, namely, Arithmetic-delay BigBand (AD-BigBand), for sparse spectrum recovery without sampling the signal by using shifted multiple channels.
At present, most research on compressive wideband spectrum sensing is based on the assumption that the sparsity of wideband spectrum is known. However, due to the limited information interaction between PUs and SUs and the dynamically changing spectrum environment, the sparsity of wideband spectrum becomes unknown. Furthermore, there may be many active PUs who occupy wireless resources at the same time in some hot areas. The sparsity of the spectrum will be reduced or even disappeared. Therefore, it is necessary to analyze the sparsity of the wideband spectrum before using the compressive spectrum sensing method. Reference [80] presented an adaptive compressed spectrum sensing scheme to detect the spectrum holes and obtain the optimal sampling rate when the sparsity of the acquired wideband signal is unknown or varing. Based on the sparse fast Fourier transform theory, [81] proposed a sub-Nyquist wideband spectrum sensing algorithm for sparse and nonsparse wideband signals to reduce runtime and implementation complexity.
In the current wideband spectrum sensing model, the continuous frequency band is represented by the discrete frequency. Nevertheless, this model is out of practice and cannot reflect the reality of spectrum occupation. Reference [82] proposed a novel wideband spectrum sensing scheme including a modulated wideband converter (MWC) and sparse Bayesian learning (SBL). A practical wideband signal's compressed measurement results can be acquired by using MWC, and then the estimated support set can be obtained by exploiting SBL. Finally, this estimated support set is regard as the test statistic to facilitate spectrum sensing. Similarly, [83] considered the heterogeneous characteristic of wideband spectrum, where different spectrum bands could have different PU occupancy patterns, and modeled this heterogeneous wideband spectrum as an inherent, block-like structure. The proposed weight recovery approach can achieve lower mean square errors and higher detection probability.
IV. SPECTRUM ALLOCATION
We then investigate the latest spectrum allocation approach for the multiple application scenarios in 5G, and the summary of existing survey works on spectrum allocation approach is shown in Table 5 .
A. GRAPH BASED SPECTRUM ALLOCATION
Spectrum allocation algorithm based on graph theory is proposed based on the knowledge of graph theory, its core idea is to abstract the network topology structure which is composed of the SUs, and establish a spectrum allocation model based on graph coloring according to the corresponding interference and restriction conditions. In the graph coloring model, every vertex represents a SU. The connection between two SUs represents the interference between them, and it means that two users cannot use a network or band at the same time. Each vertex corresponds to an optional set of colors that represent the available network or band sets for the SU. Furthermore, available network sets of different vertices are different, which are determined by the location of vertices, network coverage, and type of service. Therefore, the spectrum allocation problem of each SU can be transformed to the problem of coloring each vertex by this mapping relationship. Moreover, the interference condition is that if there is one edge between the adjacent two vertices, they cannot use the same color at the same time.
Most literatures which use graph coloring model to solve the problem of spectrum allocation mainly include the following two kinds: spectrum allocation algorithm based on the coloring model of the list graph and spectrum allocation algorithm based on the coloring model of the sensitive graph. The core idea of the list-coloring based allocation algorithm is to achieve the allocate spectrum resources by maximizing the utility of system to meet the interference constraint conditions. It is a distributed network topology, which can be implemented by a greedy algorithm and allocated according to the number of node connections. The number of node connections represents the number of nodes that have the same available spectrum, the number of connections for each node is calculated first, and the nodes with a smaller number of connections are assigned priority. If the number of connections is the same, the high-priority nodes are allocated and randomly assigned if the priority level is the same. Priority measurements are determined according to the number of available spectrum, QoS requirements, and so on. After the assignment, the updated node is available with a list of network and node colors, and if all nodes have no available colors, exit the assignment or continue allocation. In [84] , A distributed randomized algorithm with low complexity and communication overhead was proposed to allocate a limited number of idle spectrum to the SUs with less interference. However, the channel allocated to those SUs with more interference will be reduced, thus the fairness of the spectrum allocation cannot be guaranteed. In [85] , the QoS requirement was considered, which addresses the problem that the traditional list coloring greedy heuristic algorithm leads to the biased and unfair allocation. The grade of QoS is provided based on the number of channels allocated to the network, which indirectly means the bandwidth allocated to the network. Consequently, networks with higher throughput demand are allocated more channels than networks with less demand, so that the channel allocation fairness is maintained.
Because different services have different preferences for the network, the benefits of accessing different types of networks are also different. For example, the high-speed multimedia service is more inclined to the broadband network, while the low-speed voice service is more inclined to narrowband network. Therefore, it is possible to improve the overall efficiency of the system by considering the preference of the business priority. In [86] , a spectrum allocation algorithm based on the coloring model of the sensitive graph was proposed with the aim of maximizing spectrum utility, in which the three-dimensional matrix is used to represent the interference constraint relationships among SUs on different spectrum, and the user utility represents the different utility obtained by SUs using different spectrum.
The time required for the whole allocation process of the graph based spectrum allocation algorithm is related to the number of available spectrum. Consequently, this algorithm does not apply to the scenarios with fast changing spectrum, while is more suitable for the Massive-Connectivity application scenario.
B. AUCTION BASED SPECTRUM ALLOCATION
Owing to it is unfair to PUs that SUs can use the licensed spectrum without paying any fees and may cause potential interference to PUs in the dynamic spectrum access mode. VOLUME 6, 2018 In order to enable SUs to utilize the licensed spectrum stably in a continuous wider area coverage, it is necessary to ensure PUs' QoS and interests. Auction theory is considered to be a very effective way to protect the interests of PUs and consequently auction based spectrum allocation is more suitable for the Wider-Coverage application scenario. Although many traditional auction mechanisms have been designed, they are not directly applicable to spectrum auction because they fail to consider the spectrum reuse, which makes the spectrum auction unreal. Three key issues are taken into consideration in the design of spectrum auction algorithm: economic characteristics, spectrum reuse and spectrum heterogeneity. First of all, the spectrum buyers and sellers all need honest quote and real bid. Secondly, the solution to the spectrum reuse problem is usually to group the buyer by using the interference graph and divide the non-interference buyer into one group to bid for the spectrum. Finally, due to the interference distance of the low frequency band is larger than that of the high frequency band, different buyers will have different interference relationship in different frequency bands, which will affect the buyer grouping in spectrum reuse. Therefore, the spectrum auction algorithm also needs to focus on spectrum heterogeneity.
In the past few years, many proposed spectrum auction algorithms [87] - [90] were based on the McAfee theory, which is a classic double auction theory and has very low computational complexity. Reference [87] first applied the Macfee auction to dynamic spectrum auction, and considered the spectrum reuse to propose a truthful double auction algorithm, where a novel winner determination and pricing mechanism are applied to achieve truthfulness individual rationality, budget balance and user honesty. However, authors assumed that each buyer only needs one sub-channel and each seller provides only one sub-channel, and all sub-channels are homogeneous. Reference [88] taked into account the multi-channel demand and the spectrum reuse in auction algorithm, and [89] improved the double auction algorithm from the perspective of the heterogeneity of the sub-channel. Reference [90] payed attention to the profit of the auction and proposed a new discriminatory pricing strategy and a competitive double auction algorithm to improve the auctioneer's profit and the numbers of successful transactions.
As there are many different spectrum in the auction, user's quotation of the spectrum combination may no longer be a simple linear summation, some researchers proposed the combinatorial auction algorithm. In a combinatorial auction algorithm, a user can quote a combination of any number of spectrum, not just a single spectrum. The user's demand for the spectrum is either met or denied. Compared to the traditional auction, this kind of auction can reflect the diverse spectrum demand relationship between buyer and seller better, at the same time, the combination auction cannot only improve the auction efficiency more effectively, but also provide the user with more flexibility in the bidding process, while user's complex and diverse demands increases the computational complexity in the process of the bid. Reference [91] proposed a lightweight double combinatorial auction algorithm to tackle the scenario where each PU has heterogeneous spectrum resources such as WiFi and 3G, and each SU may request different types of spectrum bands. Reference [92] proposed a framework of unknown combinatorial auction mechanisms for heterogeneous spectrum redistribution to achieve strategy-proofness and approximately efficient social welfare including a revelation combinatorial spectrum auction algorithm for unknown single-minded users and an iterative ascending combinatorial auction algorithm for unknown multi-minded users.
The spectrum auction mechanism discussed above is mainly aimed at the market of PUs and SUs as the seller and buyer, and the spectrum allocation is realized through the spectrum trading. Using the method of spectrum leasing among operators to solve the problem of imbalance of time and space in different operators has become a hot topic in recent research. For instance, some operators may not only have their own licensed spectrum, but also share some unlicensed spectrum. Operators optimize the allocation of spectrum resources by leasing the licensed spectrum from other spectrum holders, or competing for the use of the unlicensed spectrum [99] . For example, operator A has to lease spectrum to operator B for lack of spectrum resources. On the one hand, operator A obtains extra profits by renting out the spectrum, while operator B leases the spectrum from operator A to meet users' demands for making greater profits. On the other hand, there is a problem of competing services between operators A and B. Therefore, a reasonable and effective mathematical model are established to study the spectrum leasing process between operators A and B for getting the best leasing strategy so that both operators A and B can achieve higher satisfaction and improve the utilization rate of spectrum resources. Reference [100] decoupled the ownership of the network infrastructure and spectrum to allocate the TV White Spaces for maximizing throughput and revenue/payment, in which the TV spectrum owner (TSO) can lease the infrastructure from a network infrastructure owner (NIO) to provide services, while the TSO can rent a portion of its TV White Spaces to the NIO for revenue, and the NIO can access this spectrum to serve its customers.
C. GAME BASED SPECTRUM ALLOCATION
Whether the opportunistic spectrum access mode with the goal of maximizing spectrum utilization or the auction spectrum access mode with the goal of maximizing PUs' and SUs' own interests, the core idea of spectrum sharing is competition and cooperation between PUs and SUs. Game theory is a major branch of operational research and has received intensive research in these years [93] - [96] , which needs to predict the behavioral possibility and certainty of each participant in the game, then analyze the participants' optimal selection strategy. The introduction of game theory into CRNs to realize the reuse of non-renewable spectrum resources has opened up a new way to ease the contradiction between the increasing demand for wireless services and the scarcity of spectrum resources. On the basis of game theory, Nash equilibrium solution (optimal strategy set) is an important method to improve the utilization rate of spectrum resources under the condition of limited wireless resources. Furthermore, game based spectrum allocation is of great significance to guarantee the service reliability of multi-users in Low-Latency application scenarios.
The problem of spectrum allocation in CR includes the game among SUs and the game between PUs and SUs. The game is played among SUs to handle the problem of which idle spectrum to choose and how much bandwidth to choose. However, PUs and SUs play a game on which spectrum can be provided to SUs by PUs and which spectrum can be decided to utilize by SUs. There are six main game theory model, which are Stackelberg game, Cournot game, Bertrand game, repeated game, auction game and evolutionary game, respectively. In the Stanlberg game model, the players of the game take the output as the competition goal, and the competition process is the complete information dynamic game. In addition, some users take the strategy first in each game, and the strategy results can be known by late-decision users. However, in the Cournot game model, the players also take the output as the competition target, while the competition process is the complete information static game. The Bertrand game model is a static game, and the price is the competition target of the players. Similar to the Stanlberg game model, the strategies adopted by the game players in the repeated game model are in order. Moreover, repeated games are composed of multiple game stages, in which participants can adjust their strategies to gain better benefits in the next stage. Using auction game model in CR can not only improve the utilization rate of spectrum resources, but also make the PUs obtain more satisfying benefits. As a new development of game theory, evolutionary game model is based on the theory of biological evolution, which makes the game model more close to the real environment and improves the game satisfaction and convergence speed. The game participants only know part of the information and adapt to the changes in the environment through a series of dynamic learning processes. Reference [93] introduced the game theory into spectrum allocation earlier, which provided a rigorous method for analyzing decision-making in CR networks, and studied how to allocate spectrum by game theory. They also validated the convergence of the game model in CR [94] and promoted the application of game theory in spectrum allocation. In [95] , an allocation algorithm based on Cournot model was proposed. It does not require a control center to solve the competitive problem of multiple SUs for idle spectrum. However, it does not take into consideration the impact of spectrum constraints. Reference [96] proposed an allocation algorithm based on the pricing game, in his proposal, every non-cooperative user is selfish and only consider their own income to select suppliers, and suppliers make the pricing of the spectrum according to the principle of maximizing revenue. 
D. CARRIER AGGREGATION BASED SPECTRUM ALLOCATION
In practical applications, the density of idle spectrum distribution is different, and the distribution of idle spectrum is concentrated or discrete. In the area where the idle spectrum distribution is concentrated, SUs can only perform spectrum sensing on a narrow frequency range. However, SUs will need to sense a wide frequency range when the idle spectrum distribution is discrete. In the current spectrum scarce environment, it is more and more difficult to meet the needs of users' exploding communication in the continuous spectrum resources. In addition, if the bandwidth of discrete idle spectrum is too small, the idle spectrum is not enough to meet the SU's transmission rate, which will lead to the idle spectrum still can not be utilized. Therefore, some researchers have applied the carrier aggregation technology to the spectrum allocation [97] , which can effectively improve the utilization of narrowband idle spectrum and meet the network extremely high flow density requirements of Massive-Capacity application scenario.
Carrier aggregation can be used to aggregate multiple carriers into a wider spectrum, including continuous carrier aggregation, and discontinuous carrier aggregation, which can be usually divided into intra-band contiguous carrier aggregation, intra-band non-contiguous carrier aggregation, and inter-band non-contiguous carrier aggregation as shown in Figure 9 . To meet the growing communications needs of users, the proposal clearly proposed that the requirements of spectrum expansion in LTE-advanced system needs to support the maximum 100MHz transmission bandwidth at the 53 meeting of 3GPP [98] . For extremely scarce spectrum resources, researchers in mobile communications began to consider deploying 4G in an unlicensed frequency band through carrier aggregation. Hence, the concept of carrier aggregation is formally proposed in the R10 version of LTE, which combines multiple LTE carriers into the carrier of the LTE-advanced system. After this aggregation, the available spectrum consists of the main carrier and the sub-carrier, which can work in both the licensed and unlicensed spectrum, respectively. In this way, the mobility and control of 4G terminals are still guaranteed by the licensed spectrum, that is the main carrier, and the unlicensed spectrum is responsible for the improvement of communication capacity. Thus it can be seen that the carrier aggregation cannot only make use of the physical channel and modulation coding scheme of LTE system directly to reduce the difficulty of overhead and design LTE-advanced system, but also improve the utilization of fragmentation spectrum effectively.
V. SPECTRUM ACCESS & SPECTRUM HANDOFF A. DYNAMIC SPECTRUM ACCESS
Since most spectrum resources are divided into licensed bands, only PUs can use them. Under the current spectrum policy, the utilization of spectrum resources is uneven and inefficient. Therefore, the intelligent, dynamic and flexible access approach is the main factor to implement the spectrum sharing. At present, there are three main types of dynamic spectrum access (DSA) mode, which are Overlay, Underlay and Hybrid mode [101] , [102] , respectively. In the Overlay mode, SUs can opportunistically utilize the spectrum holes and exit them once sensing PUs' signals. It may not be able to obtain spectrum access opportunities when the spectrum occupancy rate is very high. As for the Underlay, SUs do not concern if there is the spectrum hole, and they can access the spectrum simultaneously with the PUs by reducing their transmission power, as long as the interference caused by them does not degrade the PUs' communication quality. The interference temperature is used in Underlay mode to indicate the degree of interference that PU can tolerate caused by SUs during the spectrum access period. More specifically, SU should first estimate the maximum interference value that this PU can tolerate, then predict the added interference value after introducing a SU, and finally determine whether this user can be allowed. Moreover, SU needs to periodically detect the interference temperature, and adjust their transmitting power adaptively to ensure that the added interference is within the tolerance range of PU. However, the transmission power of SUs will be still low even if the PUs' status becomes inactive. The Hybrid mode absorbs the advantages of Overlay and Underlay mode, and SUs can switch between the two modes according to the state of the PUs [103] , [104] . A continuous-time markov chain was proposed to model the Hybrid spectrum access mode in [105] . Results showed that the Hybrid access mode outperforms the conventional Overlay and Underlay approach in terms of outage probability and outage capacity. In [106] , Hoang et al. proposed a Hybrid access mode that each SU can opportunistically access the idle spectrum or underlay part of its signal into the portion of the busy spectrum based on the data queue state and sensing result, or access a busy spectrum to harvest radio frequency (RF) energy given its energy queue state. Ulteriorly, the cognitive stop-and-wait hybrid automatic repeat request (CSW-HARQ) protocol was represented in [107] , where SU only transmits data when the spectrum is deemed to be idle, and waits for the feedback after transmission. The summary of existing survey works on spectrum access & spectrum handoff approach is shown in Table 6 .
B. QUEUEING BASED SPECTRUM ACCESS
Due to the limitation of spectrum resources, it will encounter the need to wait for PU or other SU service when SU access the licensed spectrum, which leads to the increase of waiting time delay. In addition, in order to ensure the absolute priority of PU in the spectrum access process, when PU appears in the channel that SU is using, SU must be withdrawn in time, and switch to other idle channels to continue transmission or wait for the departure of the PU in the original channel. At present, there have been a large number of literatures using queuing theory to analyze the performance of dynamic spectrum access. As the queuing theory can effectively describe the effect of PU activity on the performance of SU communication, and reflect the latency of SU in different channels. Some literatures have analyzed the performance of dynamic spectrum access using queuing theory [108] - [113] .
Reference [108] studied the distribution and the average waiting time of SU data packet queues in the buffer. On this basis, a queuing theory based channel access strategy is proposed, which controls the SU's access by determining the maximum allowable SU packet arrival rate to ensure its QoS demand under the given waiting time requirement. In [109] , the services were divided into non-real time service and real time service, according to the SUs' different time delay requirements. For the non real-time service, when the channel being used by SU is preempted by PU and no other idle channels can be switched, SU enters the cache data queue for waiting. However, for the real time service, the transmission of SU can only be forced to interrupt. In this work, the average residence time of the non-real time service and the forced interrupt rate of real time service are presented by using preemption priority queueing model. Reference [110] presented the spectrum occupancy rate of the CRN by using the queueing analysis and reduced the computational complexity by using proposed time scaling method to approximate the average time delay, throughput and spectrum occupancy. The decision-making process of SUs that whether to queue or not and the optimal pricing strategy of the service provider were analysed in [111] by leveraging the queueing game approaches. In [112] , a preemptive continuation queuing theory based spectrum access scheme was proposed, where the sensing based spectrum access algorithm is used when the quantity of service for SU is small, while the probability based spectrum decision algorithm is used when that is large, to minimize the average waiting time of SU. Reference [113] presented a novel model with coupled queues to incorporate the primary and secondary networks, and designed a penalty based framework considering the QoS of primary traffic to provide a fixed per collision compensation or to restrict the collision rate at an acceptable level for protecting the primary traffic. 
C. SPECTRUM HANDOFF
As the characteristic parameters of the spectrum vary over time and space, the optimal channel of SU is also dynamic. When the communication quality of some licensed channels becomes worse or the PU has returned on this channel, the SU must switch to other available idle channels. Spectrum handoff is mainly restricted to the working state switching of PU and the mobility of SU, and it requires the working parameters, such as the modulation mode and the channel coding of SU, can be adapted quickly and effectively in the process of working mode change. Meanwhile, the performance of SU should be reduced as little as possible in the process of switching so as to guarantee the QoS of SU. An example of spectrum access and spectrum handoff process for a SU is illustrated in Figure 10 .
According to the different trigger timing of frequency spectrum handoff, the spectrum handoff model can be divided into three kinds: passive handoff, active handoff and hybrid handoff, respectively. Their respective pros and cons are illustrated in Table 7 .
• Passive handoff. When SU has sensed the return of PU or the communication quality of licensed channel becomes worse, it really starts to initiate the handoff request.
• Active handoff. By analyzing past activity rules of PUs, SU predicts the previous PUs' occupancy status at the next time and initiates spectrum handoff before PUs return.
• Hybrid handoff. With the combination of active handoff and passive handoff mechanism, the available idle channel list can be estimated before PU returns by using the active handoff mechanism, and the handoff delay can be reduced compared with the passive handoff mechanism. Reference [114] reviewed and compared qualitatively various spectrum handoff strategies, and recommend that future spectrum handoff strategy should consider the spectrum learning factor in the design process, cross-layer link maintenance protocol, and energy efficiency to achieve optimal performance in the dynamic spectrum environment. In [115] , a unified mobility management framework was developed, including spectrum mobility management, switching costbased handoff decision mechanism, and intercell resource allocation, to determine a proper spectrum band or target cell and to minimize quality degradation caused by user mobility. An adaptive weights adjustment based spectrum handoff strategy was proposed in [116] , considering the transmission power of SU, fading factor and bandwidth. The dynamic multi-attribute simple additive weight algorithm is applied to reduce the switching time of SUs and improve the effective transmission rate. A hybrid rule-based priority queuing model was presented in [117] to overcome the limitations of preemptive and non-preemptive resume priority queuing models, and to calculate the channel waiting time during spectrum handoff. Different from the extant literature, multi-teacher apprentice learning scheme is used to speed up the learning process by learning from multiple neighboring experienced SUs. In order to achieve the maximum energy efficiency/throughput or the minimum energy consumption, [118] presented a dynamic programming based optimal channel sensing sequence scheme for spectrum handoff in an Overlay multichannel CR networks.
VI. OTHER RESEARCH ISSUES A. COMMON CONTROL CHANNEL
SUs must exchange public control information (including the PUs' activity, channel usability, network topology change and the route parameter and so on) with neighbor nodes in distributed CR networks. It is very important to establish a reliable common control channel (CCC) to facilitate the transmission of control information. In [119] , a specified CCC was used to control the transmission of information. This scheme enables the communication between control and handshake information by selecting a specified CCC. However, it is sometimes difficult to maintain a CCC for a long time in CR networks. Because the availability of the specified CCC may change over time. Once a PU has occupied the selected CCC for a long time, all public control information will be blocked for a long time. In addition, under the high cognitive node density or high traffic flow background, a single CCC often becomes a bottleneck and causes the channel saturation problem. Hence, it is not only difficult to identify a specified CCC for all the SUs, but also this specified CCC is influenced by the PU traffic.
For the shortage of special CCC allocation scheme, the sequence hopping CCC allocation scheme is proposed. It does not require a central controller and a specified CCC, which is relatively more convenient and feasible in actual deployment. The sequence hopping CCC allocation scheme is divided into two types: stochastic hopping sequence and specified hopping sequence. The stochastic sequence hopping CCC allocation scheme means that each SU hops from one channel to another according to the hopping rate, while this kind of scheme has certain non-controllability. In the specified hopping sequence allocation scheme, each hopping sequence is generated by a specific sequence generation algorithm, so the channel hopping sequence is more regular. In [120] , Yu and Ssu proposed a channel allocation algorithm based on spatial variation control (SVC), which provides a set of CCCs for mobile nodes.
B. ENERGY EFFICIENCY 1) POWER ALLOCATION
Power control is one of the key technologies to realize spectrum sharing in CR. The main purpose of power control is to guarantee that there is no excessive interference to PUs and other SUs. At present, the researchs of power control are mainly based on the information theory model and game theory model [121] - [128] . The power control approach that based on information theory usually adopts the iterative water filling algorithm to solve the optimal power allocation problem, where the channel is divided into several independent subchannels, and the large gain subchannels are allocated with high power while the power allocated on the small gain subchannels are low to maximize the transmission performance.
For the power control approach which based on game theory model, [121] proposed a non-cooperative power control game (NPG) which is widely used by future researchers, and Saraydar et al. [122] improved the NPG from the viewpoint of power control cost, and proposed the non-cooperative power control game via pricing (NPGP). The nonlinear cost function was introduced into [123] , which makes the final game strategy closer to the real environment. Reference [124] improved the NPGP model by considering the utility function and game user's SNR. Because it does not take into consideration the user's wireless access technology, it has a great advantage in CR networks. Furthermore, [125] proposed an adaptive power control algorithm based on the utility function. In recent years, the cooperative game theory has been applied to power control [126] , [127] . However, due to the continuous changes in the wireless network environment and the user's mobility, the game between SUs can only be temporary. Subsequently, the stochastic game theory was applied to power control [128] , which cannot only meet the requirements of the wireless environment, but also adjust the optimal power control strategy dynamically.
2) ENERGY HARVESTING
Energy supply is always a critical issue in wireless communications, and SUs need to spend more energy to detect many channels and switch among multiple channels constantly. Therefore, energy efficiency (EE), which evaluates how efficiently energy resources are consumed is another important criterion in the CR network along with the spectrum efficiency (SE). At present, the battery is still the main energy source for wireless devices. The problems of limited battery life, periodic replacement, and environmental pollution make people began to look for a sustainable, environmentally friendly power supply. Among them, the ambient energy (such as solar, heat, electromagnetic waves and other forms of energy) harvesting technology has been widely concerned. Electromagnetic waves energy harvested by CR focused by many scholars, and there have been a number of representative studies [106] , [129] , [130] , including hardware design and efficient energy sensing algorithms, etc. The model of CR network with energy harvesting was described in Figure 11 [106] . SUs cannot only carry out the data transmission on the idle spectrum, but also can harvest RF energy from the busy spectrum which is being used by PU. It can be seen that the CR network with energy harvesting can improve the utilization of spectrum resources and increase the working time of the SUs.
In general, the SUs with energy harvesting capabilities are equipped with multiple antennas, in which some antennas are used for the traditional spectrum sensing and spectrum access, and the other part of the antenna is used to harvest RF energy. In [131] , the sequential mode was used to avoid mutual interference between the antennas, where SUs harvest the RF energy first and then carry out the spectrum sensing and data transmission. However, due to the energy harvesting occupy a part of time in this mode, the spectrum sensing and data transmission time are reduced and the throughput of SUs will be affected. The synchronous mode was studied in [132] , including the energy reaching characteristics, the impact of energy harvest on PUs, and how to achieve the throughput maximization and optimal access strategy. The research of energy harvesting technology will be mainly focused on the following two points. Firstly, since the different spectrum environment of the SUs, the energy can be harvested is also not identical. It is difficult to rely on a single energy harvesting algorithm to obtain sufficient energy for SUs [133] . Therefore, various energy harvesting approaches can be used for different spectrum environments. Secondly, SUs with energy harvesting ability need not only detect whether there are available idle bands, but also detect whether they can harvest energy from occupied frequency bands when energy reserves are insufficient. Therefore, spectrum sensing requires more energy in the energy harvesting based CR networks. Moreover, SUs also need to switch more frequently between the spectrum holes and the busy channels. Therefore, it is necessary to study the optimize energy harvesting strategy to reduce its overhead and improve the efficiency of the whole CR networks.
C. NON-ORTHOGONAL MULTIPLE ACCESS
Non-orthogonal multiple access (NOMA) has recently been recognized as a promising multiple access technology that significantly improves the spectrum efficiency of mobile communication networks. In addition, it is also conceived as a key component in the 5G mobile communication system. NOMA is fundamentally different from the previous multiple access technology that has been relying on the time/frequency/code domain, which is a multiple users reuse technology that utilizes frequency domain, time domain and power domain. Furthermore, it adopts the superposition code at the transmitter to allocate the different user's signal power on the same subchannel according to the related algorithms, which makes the signal power of each user different. At the receiver, it eliminates interference through the serial interference cancellation (SIC) technology, so as to realize the correct VOLUME 6, 2018 demodulation [134] . Figure 12 is an allocation diagram of NOMA technology and OFDM technology in the frequency domain, time domain and power domain. Obviously, compared with the OFDM technology, NOMA technology makes the power of each subcarrier channel not only to a user, but shared by multiple users. Consequently, each subchannel can carry multiple users with different signal power in the frequency domain and time domain. For the orthogonal multiple access (OMA) technology, if the subcarrier channel allocated to users with poor channel conditions, their spectrum efficiency will be relatively low. Conversely, NOMA enables each user to access all the subcarrier channels, and hence the transmission capacity and the spectrum efficiency can be significantly improved by the access of multiple users when the channel conditions are poor.
The fundamental idea of NOMA is to encourage spectrum sharing, which is similar to the concept of CR networks. Combining the NOMA with CR technology, there will be a noticeable improvement in spectrum efficiency and energy efficiency, compared with the existing OMA technology. With the help of NOMA, the information intended to PU can be decoded by SUs, and hence these SUs can serve as potential relays for obtaining the opportunity to access PU's channel to improve the performance of the CR-NOMA system. Reference [135] presented a cooperative transmission scheme to achieve the maximum diversity, which can obtain better performance when more SUs participate in relaying. In [136] , NOMA was applied to largescale Underlay CR networks, and the diverse order of SUs has been derived in fixed and dynamic transmit power scenario. Reference [137] studied the NOMA in multicast CR networks, and proposed a dynamic cooperative NOMA scheme, in which the performance of both primary and secondary networks can be promoted through SUs acting as relays. Reference [138] combined the application of MIMO and NOMA techniques, and proposes the precoding and detection matrices for MIMO-NOMA. To meet the predefined QoS requirement and dynamic QoS requirement, the choices for power allocation coefficients have also been presented.
Through these studies we can find that unlike the conventional OMA technology which only obtains well spectrum efficiency under the good channel conditions, NOMA can achieve a good balance between system throughput and user fairness, which is more suitable for meeting the demanding requirements of Low-Latency and Massive-Connectivity.
D. CR BASED AERONAUTICAL COMMUNICATION
Air data link is an important aspect of air traffic management and Air-to-ground (A/G) communication system, which provides data link guarantee for communication, navigation, and surveillance in aeronautical communication. At present, the air data link is based on the VHF frequency band, which adopts TDMA access mode and belongs to the narrowband system, while the bandwidth and capability of communications are limited. With the continuous development of the air transport industry, air traffic will increase significantly in the next ten years and the need for space communications support of the new business is also increasing. It is urgent to study the broadband air data link technology with higher system capacity and transmission rate. The capabilities of a CR can be applied to solve the communication challenges involving spectrum allocation in various technological fields in the aeronautical domain, including the A/G communication system, air to air communication system, UAV system, aeronautical safety and in-flight entertainment system [119] .
It is a new concept to apply the CR for spectrum sensing and efficient resource allocation for A/G communication. A novel frequency hopping scheme based spectrum sensing approach was proposed in [139] to deal with the low communication resource (including frequency and time) utilization rate and lacking extra ability to resist spot jamming. It utilizes the control signal to report communication status and uses the frequency spectrum sensing technology to identify and improve the anti-interference ability.
VII. CONCLUSION
CR technology is an essential measure to mitigate the contradiction between supply and demand, and it is the basic guarantee to meet the imbalance of supply and demand in the future. With the resource guarantee of spectrum sharing, the new generation of information technology can effectively accelerate the practical application and promote the healthy development of 5G. Spectrum sharing in CRNs is crucial to ensure that appropriately available spectrum bands are allocated to satisfy the heterogeneous QoS requirements of SUs. In this paper, aiming at solving the problem of spectrum scarcity towards 5G, we overview the spectrum sharing in CRNs based on the new challenges and requirements in four scenarios and the extensive studies of the existing literature. More specifically, we explore spectrum sharing scheme in the following four key steps: spectrum sensing, spectrum allocation, spectrum access, and spectrum handoff. Furthermore, they are divided into several classes on the basis of requirements of diverse application scenarios that Wider-Coverage, Massive-Capacity, Massive-Connectivity and Low-Latency.
The key enabling technologies that may be closely related to the study of 5G in the near future are presented, particularly in terms of full-duplex spectrum sensing, spectrum-database based spectrum sensing, compressive spectrum sensing, carrier aggregation based spectrum allocation. Subsequently, other issues that play a positive role for the development research and practical application of CR, such as CCC, energy harvesting, NOMA, and CR based aeronautical communication are discussed.
The future research directions of full specturm sharing will focus on the following aspects. First of all, the spectrum hole in high frequency channel may not be accurately detected by using the conventional spectrum sensing algorithms. Thus, it is necessary to study the accurate and fast spectrum sensing algorithm on the basis of fully considering the high frequency band characteristics. Secondly, although the high frequency band can provide more transmission opportunities, the transmission distance is relatively close. How to choose the best spectrum for SUs in the low and high frequency bands, and licensed and unlicensed frequency bands is an important problem to be solved in the full spectrum sharing research. Thirdly, research on the full duplex and NOMA based full spectrum sharing mechanism can not only improve the accuracy of spectrum sensing, but also significantly enhance the communication capacity. Finally, it is necessary to study the optimal spectrum sensing algorithm, spectrum allocation strategy and spectrum access mechanism which meet the different requirements of the four application scenarios in 5G to maximize the efficiency of spectrum utilization. The comprehensive overview provided by this survey is expected to help researchers develop CR technology in the field of 5G further.
